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We investigate Andreev reflection at the interface between a superconductor and a two–dimensional elec-
tron system (2DES) in an external magnetic field such that cyclotron motion is important in the latter. A finite
Zeeman splitting in the 2DES and the presence of diamagnetic screening currents in the superconductor are
incorporated into a microscopic theory of Andreev edge states, which is based on the Bogoliubov–de Gennes
formalism. The Andreev–reflection contribution to the interface conductance is calculated. The effect of Zee-
man splitting is most visible as a double–step feature in the conductance through clean interfaces. Due to a
screening current, conductance steps are shifted to larger filling factors and the formation of Andreev edge
states is suppressed below a critical filling factor.
PACS numbers: 74.45.+c,71.70.Di,73.20.-r,73.40.-c
I. INTRODUCTION
The trend toward radical miniaturization of electronic de-
vices has spurred efforts aimed at understanding the effect of
quantum coherence on transport. Current research is inves-
tigating a variety of such mesoscopic systems.1,2,3 Recently,
the subject of mesoscopic superconductivity4,5,6 has attracted
considerable interest, partly due to the possibility to perform
experiments in hybrid structures consisting of superconduc-
tors and semiconductors where phase-coherence lengths ex-
ceed device dimensions.7 Many effects observed in these sys-
tems ulimately stem from Andreev reflection.8,9 Speaking in
simple terms, Andreev reflection occurs at the interface be-
tween a superconductor (S) and a normal metal (N) when an
electron with energy within the superconducting gap is inci-
dent on the interface from the N side. While no states are
available in S for the incoming electron, a finite amplitude
for pairing with some suitable electron from N is induced by
the proximity of S, which allows both electrons to enter S as
a Cooper pair. If that happens, N is left with a hole excita-
tion that has the sign of its group velocity, charge, and mass
opposite to that of the electron. As incoming electron and
Andreev-reflected hole have a definite phase relation, bound
states are formed in multi-interface geometries such as S–N–
S10 or S–N–I11 systems, giving rise to discrete energy levels
within the superconducting gap.
An external magnetic field ~B = ~∇ × ~A affects transport
properties of mesoscopic systems at least in two ways. In sys-
tems with finite Zeeman splitting (given by gµBB, g being
the gyromagnetic factor and µB the Bohr magneton), spin de-
generacy is lifted, which turns out to suppress Andreev reflec-
tion.12,13,14 In addition, the vector potential ~A explicitly enters
the single–electron Hamiltonian,
H0 =
1
2m
(
~p− e ~A
)2
+
g
2
µB ~σ · ~B , (1)
resulting in a host of peculiar quantum-mechanical effects.
One of the most well-known is perhaps the appearance of
phase factors which lead to magnetoconductance oscillations
in a variety of mesoscopic systems3 and affect orbital wave
functions even in regions where no magnetic field is present.15
If the magnetic field is treated within a quasiclassical approx-
imation which assumes the relevant physical length scale of
the system to be much smaller than the cyclotron radius of
electrons, the Hamiltonian of Eq. (1) reduces to
H (qc)0 = ǫF + vF pˆ ·
(
~p− e ~A
)
+
g
2
µB ~σ · ~B , (2)
and modifications of orbital wave functions due to the mag-
netic field arise entirely from such phase factors. Here, ǫF =
~
2k2F/(2m), vF = ~kF/m, and kF are the Fermi energy, Fermi
velocity, and Fermi wavevector, respectively. Most of the pre-
vious studies of Andreev reflection in a magnetic field were
carried out in the quasiclassical limit.11,16,17,18,19,20,21,22,23
The quasiclassical approximation ceases to be valid, how-
ever, when the cyclotron radius rc = l2BkF is smaller than the
characteristic length scales of the system which are set, e.g.,
by disorder, temperature, or size (here, lB =
(
~/|e ~B|)1/2 de-
notes the magnetic length which is the fundamental quantum-
mechanical length scale introduced by the magnetic field.) In
this limit, another well-known quantum effect due to the mag-
netic field becomes important, which is Landau quantization24
of electron motion in planes perpendicular to the field direc-
tion. In transport, Landau quantization manifests itself, e.g.,
by Shubnikov – de Haas oscillations and by the quantum Hall
effect.25,26 Recent advances in fabrication technology make
it possible to study Andreev reflection in superconductor–
semiconductor hybrid systems at magnetic fields where cy-
clotron motion of quasiparticles can be important in the semi-
conducting region,27,28,29,30,31 motivating a number of related
theoretical studies.32,33,34,35,36,37,38,39,40
Here we present results on the interplay between Andreev
reflection and cyclotron motion at S–N interfaces. We focus
in particular on the effect of a finite Zeeman splitting in the
normal region and on the impact of the diamagnetic screening
current in the superconductor.41 To be specific, we choose a
geometry where ~B = B zˆ and the interface is the yz plane.
Considering particle motion in the xy plane from a classical
point of view, the interplay between cyclotron motion and An-
dreev reflection at an ideal interface results in electrons and
2holes alternating in skipping orbits along the interface42,43 in y
direction, as shown in Fig. 1. In quantum mechanics, however,
the guiding-center coordinates for cyclotron orbits are canon-
ically conjugate operators which cannot be diagonalized si-
multaneously44 while each of them separately commutes with
H0. In the present problem, where translational invariance is
broken due to the interface, it is useful to choose the represen-
tation where the guiding-center coordinate X in x direction is
a good quantum number, i.e., eigenstates of H0 are labeled by
X . Details of our quantum-mechanical description of the S–N
interface in a magnetic field are given in the following section.
It is based on finding solutions of the Bogoliubov – de Gennes
(BdG) equation,45(
H0 + U − ǫF |∆| e2iϕ
|∆| e−2iϕ −H∗0 − U + ǫF
)(
u
v
)
= E
(
u
v
)
,
(3)
for the hybrid system by matching at the interface appropriate
solutions for the S and N regions.46 Scattering at the interface
is modeled by an external potentialU = U(x) = U0 δ(x). We
allow for different effective masses and Fermi energies in the
S and N regions. For our study, we adopt the model where
the relevant quasiparticle excitations in the S region are those
of a conventional BCS s-wave superconductor with a uniform
superflow in the y direction parallel to the interface due to the
presence of diamagnetic screening currents. This approach is
strictly valid only when S is a type-II superconductor in the
Meissner or diluted–vortex phases. To be specific, we con-
sider exactly this case in Sec. II, but discuss generalizations
to the mixed phase in the Discussion section. The motion in
z direction, i.e., parallel to the magnetic field, can be trivially
separated and gives only rise to an additive renormalization of
the Fermi energy. We shall neglect this in the following, mak-
ing our study especially applicable for S–N junctions where
the N region is a two–dimensional electron system. Eigenen-
ergies for the motion in the xy plane in a uniform magnetic
field are labelled by the guiding-center quantum number X
and correspond to the familiar Landau levels of independent
electrons and holes when |X | ≫ rc. Similar to the case of
a hard wall,47,48 Landau levels are bent for X close to the S–
S
N
λ
X
−X
FIG. 1: Semiclassical picture of Andreev edge states. Electrons and
holes in skipping orbits along a clean S–N interface are successively
Andreev–reflected into each other. In the S region, quasiparticle ex-
citations exist only on the (extremely short) length scale of the su-
perconducting coherence length. The presence of a uniform super-
current parallel to the interface results in a shift of electron and hole
orbits in the normal region. Andreev reflection couples electron and
hole orbits with guiding–center coordinate ±X − λ, respectively. λ
denotes the magnetic penetration depth.
N interface, and the corresponding eigenspinors of the BdG
equation are of mixed electron-hole type. An example of the
spectrum of such solutions with energies within the supercon-
ducting gap was given in Ref. 33.
The classical picture of skipping orbits along the inter-
face, and the analogy with the familiar quantum-Hall edge
states,47,48,49,50 suggests that currents will flow along the in-
terface in the plane perpendicular to ~B (i.e., in y direction).
In superconductivity, quasiparticle current ~P = ~e + ~h and
charge current ~Q = e(~e − ~h) are distinguished where, for
a particular solution of the BdG equation, electron and hole
currents are given by45
~e =
1
m
ℜe
{
u∗
(
~p− e ~A
)
u
}
, (4a)
~h =
1
m
ℜe
{
v
(
~p− e ~A
)
v∗
}
. (4b)
It turns out33 that ~e and ~h are always parallel to the inter-
face for states with definite guiding-center coordinate X in
the direction perpendicular to the interface. This is no surprise
because, owing to the peculiar quantum dynamics in a mag-
netic field, the guiding center for electrons and holes cannot
be localized in y direction in a state where it is fixed in the x
direction. Generalizing the Hellmann-Feynman theorem51 to
the matrix BdG Hamiltonian of Eq. (3), a general expression
can be derived33 for the contribution of a particular eigenstate
(unX , vnX) with energyEnX , labelled by Landau-level index
n and guiding-center quantum number X , to the total quasi-
particle and charge currents in y direction:
I (P,Q)nX =
∫
x
(~P,Q)y . (5)
The total quasiparticle current turns out not to depend explic-
itly on the electron or hole wavefunctions. Rather, it is given
entirely in terms of the energy spectrum,
I (P)nX =
1
~
ℓ2
Ly
∂EnX
∂X
, (6)
which aquires a nonzero dispersion only close to the S–N in-
terface. Hence, confinement due to the interface with a super-
conductor gives rise to the formation of a chiral edge channel
for quasiparticle current in exactly the same way as confine-
ment due to a hard wall induces edge channels for charge cur-
rent.47,48 We distinguish the new kind of edge channel real-
ized at the S–N interface from its counterpart near a hard wall
by calling it an Andreev edge channel and call the solutions
(unX , vnX) of the BdG equation with nonzero I (P)nX Andreev
edge states. [In Eq. (6), Ly denotes the system size in y di-
rection.] As expected intuitively, the total charge current I (Q)nX
flowing in an Andreev edge state does depend on the details
of the wave functions; it can be written as I (Q)nX = I
(H)
nX + I
(S)
nX .
The expression for I (H)nX suggests a straightforward interpreta-
tion.33 It is given by
I (H)nX =
e
~
ℓ2
Ly
∂EnX
∂X
(1− 2BnX) , (7)
3where BnX =
∫
x |vnX |2 is the hole probability in the An-
dreev edge state. Equation (7) is the expression for current
in an edge channel that is reduced due to the presence of An-
dreev reflection. For vanishing BnX , i.e, when only normal
reflection occurs at the S–N interface, Andreev edge chan-
nels actually become the familiar quantum-Hall edge chan-
nels.47,48,49,50 Inspection shows that the term I (S)nX represents
the quasiparticle–conversion current in the superconductor
that supports the Andreev edge state. Note that the above
discussion, as well as the analytic expressions, for currents
are generally valid, i.e., in particular also with finite Zeeman
splitting and diamagnetic screening currents present. It is then
possible33 to express the Andreev–reflection contribution to
the S–N interface conductance in terms of the hole probabil-
ties of zero–energy Andreev edge states as
GAR =
e2
π~
∑
n
′
Bn, (8)
where the label n comprises the set of quantum num-
bers (Landau–level index and spin–projection eigenvalue)
for zero–energy eigenstates, and the
∑′ indicates that only
electron-like states (i.e., those with Bn < 1/2) are to be
summed over. As the experimentally relevant quantity, we
present results for GAR in the following.
We continue with presenting our model of an S–N junc-
tion subject to a quantizing magnetic field in Sec. II. (Read-
ers not interested in the mathematical formalism can skip this
section.) Numerical results obtained within that model are re-
ported in Sec. III, where the effects of Zeeman splitting and
diamagnetic supercurrents are elucidated in detail. We dis-
cuss implications of these results with particular emphasis on
experimentally realizable superconductor–semiconductor hy-
brid structures. Conclusions are given in the final Sec. IV.
II. MODEL OF AN S–N HYBRID SYSTEM IN A
QUANTIZING MAGNETIC FIELD
Our model of the S–N interface is similar, in spirit, to that
used in the approach by Blonder, Tinkham, and Klapwijk46
(BTK) and its recent generalizations to superconductor–
semiconductor interfaces.52 We consider a planar hybrid sys-
tem (in the xy plane) consisting of a semi-infinite two-
dimensional electron system (2DES, located in the half-plane
x > 0) and a superconductor (occupying the half-plane x <
0). The effective mass of electrons, the Fermi energy, and the
modulus of the superconducting pair potential are assumed to
be piecewise constant as functions of the coordinate perpen-
dicular to the interface:
m(x) = ms Θ(−x) +mn Θ(x) , (9a)
ǫF(x) = ǫF,s Θ(−x) + ǫF,n Θ(x) , (9b)
|∆|(x) = ∆0 Θ(−x) . (9c)
The magnetic field, applied perpendicular to the 2DES, is as-
sumed to be screened from the S region,
~B(x) =
{
B e
x
λ Θ(−x) +B Θ(x)} zˆ , (10a)
where λ denotes the magnetic penetration depth. Transla-
tional invariance in y direction suggests a gauge for the vector
potential where ~A = A(x) yˆ, and we choose
A(x) = λB
(
e
x
λ − 1) Θ(−x) + xB Θ(x) . (10b)
In the presence of a magnetic field, the phase 2ϕ of the super-
conducting pair potential aquires a non-trivial dependence on
spatial coordinates, and care has to be taken to determine it
correctly.16,19 Combining Maxwell and London equations,
~∇× ~B = µ0 ~s , (11a)
~s =
~
eµ0λ2
~ks , (11b)
where ~s is the screening supercurrent, and
~ks = ~∇ϕ− e ~A , (12)
we obtain from Eqs. (10) for the case under consideration
ϕ(y) = − λ
l2B
y sgn(eB) + ϕ0 , (13)
with sgn(x) denoting the sign function, and ϕ0 a constant.
We calculate electronic and transport properties from solu-
tions of the BdG equation (3). Upon making the separation
Ansa¨tze
u(x, y) =
1√
Ly
fX(x) e
i
[
ϕ(y)+y X
l2
B
sgn(eB)
]
, (14a)
v(x, y) =
1√
Ly
gX(x) e
i
[
−ϕ(y)+y X
l2
B
sgn(eB)
]
, (14b)
and using the fact that, in the presence of Zeeman splitting,
Eq. (3) exhibits a block–diagonal form53 in the spin quantum
number σ, we find a onedimensional BdG equation,(
H+,σ + U |∆|
|∆| −H−,−σ − U
)(
fX,σ
gX,−σ
)
= E
(
fX,σ
gX,−σ
)
.
(15)
The single-particle Hamiltonians H±,σ are different in the S
and N regions, H±,σ = Θ(−x) H (s)±,σ +Θ(x) H (n)±,σ, where
H (n)±,σ =
~ωc
2
{
l2B
~2
p2x +
[
x+ λ∓X
lB
]2
+ σηZ − ν
}
.
(16)
Here ωc = ~/(mnl2B) denotes the cyclotron frequency in the
N region, ηZ = gµBB/(~ωc) measures Zeeman splitting, and
ν = 2ǫF,n/(~ωc) is the filling factor. In the superconductor, the
single-particle Hamiltonian depends on the superflow wave
vector ~ks = ks yˆ,
ks = − λ
l2B
e
x
λ sgn(eB) Θ(−x) , (17a)
H (s)±,σ =
p2x
2ms
+
~
2
[
X ± l2Bks sgn(eB)
]2
2msl4B
− ǫF,s .(17b)
4Here we have neglected Zeeman splitting in the S region,
which is a good approximation for typical field strengths ap-
plied experimentally in S–2DES hybrid structures. For our
purposes, we need to find solutions of Eq. (15) in the S region
on length scales x ∼ ξ0 where ξ0 is the superconducting co-
herence length. In a type-II material which has ξ0 ≪ λ, we
can approximate exp{x/λ} ≈ 1 in Eq. (17a) and use
H (s)±,σ ≈
p2x
2ms
+
~
2
2msl4B
(X ∓ λ)2 − ǫF,s . (17c)
Our approximation amounts to neglecting the cyclotron mo-
tion of evanescent quasiparticles in the S region, which trans-
lates into the condition that the superconducting gap parame-
ter ∆0 is much larger than the cyclotron energy of electrons
in the superconducting material. This is typically satisfied for
realistic situations.
Solutions of Eq. (15) for the S–N system are found by
matching Ansa¨tze for eigenfunctions in the S and N regions
at the interface x = 0. In the S region, where a uniform su-
perflow with velocity ~λ/(msl2B) is present, the appropriate
Ansatz is a superposition of Doppler-shifted quasiparticle ex-
citations,(
fX,σ
gX,−σ
)
x<0
= d−
(
γ−
1
)
ψ−(x) + d+
(
γ+
1
)
ψ+(x) ,
(18)
with functions ψ±(x) = exp{∓ixq±}, and parameters
q± =
[
2ms
~2
(
ǫF,s ±
√
(E + δλ)2 −∆20
)
− X
2 + λ2
l4B
] 1
2
,(19a)
γ± =
∆0
E + δλ ∓
√
(E + δλ)2 −∆20
, (19b)
δλ = ~ωc
mn
ms
Xλ
l2B
. (19c)
For |E + δλ| < ∆0, the wave function displayed in Eq. (18)
corresponds to evanescent quasiparticle excitations in S. The
Ansatz for the wave function in the N region is a superposition
of purely electron and hole-like BdG spinors,
(
fX,σ
gX,−σ
)
x>0
=
(
a
0
)
χ+,σ(ζ+) +
(
0
b
)
χ−,−σ(ζ−) ,
(20)
where ζ± = x+ λ∓X , and the functions χ±,σ(ζ) are eigen-
functions of the harmonic-oscillator Schro¨dinger equation,
l2B
2
d2χ±,σ
dζ2
−
[
ζ2
2l2B
− ν − σηZ
2
∓ E
~ωc
]
χ±,σ = 0 , (21)
normalized to unity in the half-space occupied by the N re-
gion. They can be expressed in terms of parabolic cylinder
functions54 that are well-behaved as x→∞,
χ±,σ(ζ±) = F±,σ U
(
−ν − σηZ
2
∓ E
~ωc
,
√
2
ζ±
lB
)
, (22)
where F±,σ are normalization constants.
Imposing the continuity of BdG quasiparticle wave func-
tion and conservation of the probability current at the interface
yields the secular equation
GH(c′2 + d′2) +G′H ′ = c′
E + δλ√
∆20 − (E + δλ)2
(G′H −GH ′) + d′(G′H +GH ′) , (23)
whose parameters are: c′ = mnms ℜe {q+}, d′ = mnms ℑm {q+}+
U˜ with U˜ = 2mn
~2
U0, G = χ+,σ(λ−X), H = χ−,−σ(λ+X),
G′ = ∂xχ+,σ(x+λ−X) |x=0 , and H ′ = ∂xχ−,−σ(x+λ+
X) |x=0 . Equation (23) is an implicit relation between the
guiding–center coordinate and the excitation energy E, yield-
ing the dispersion relation E vs. X .
Since it is important for finding the Andreev–reflection con-
tribution to the conductance, we also give the general expres-
sion for the amplitude ratio a/b of the wave function in the
normal region:
b
a
=
G′ +G
(
E+δλ√
∆2
0
−(E+δλ)2
c′ − d′
)
c′H ∆0√
∆2
0
−(E+δλ)2
. (24)
Further analytical progress can be made using the asymp-
totic expansion54 for parabolic cylinder functions U(ǫ, x) ≈
Γ(1/4−ǫ/2)
2ǫ/2+1/4
√
π
cos
[
(ǫ/2 + 1/4)π
√|ǫ|x], being Γ the Gamma
function. In our case this expansion is valid when ǫF,n ± (E −
σgµBB/2)≫ mnω2c (|X |+ λ)2. With this, the approximated
5secular equation reads
cos(ϕ+,σ)+Ω(ϕ−,σ) =
2s
s2 + w2 + 1
(E + δλ) sin(ϕ+.σ)√
∆20 − (E + δλ)2
.
(25)
Here we employed the Andreev approximation,8,9 i.e., as-
sumed E,∆0, |gµBB| ≪ ǫF,n, ǫF,s, and used the abbreviations
ϕ+,σ = π
[
E
~ωc
− σηZ
2
]
+ 2
√
ν
X
lB
− 2√
ν
[
E
~ωc
− σηZ
2
]
λ
lB
,(26a)
ϕ−,σ = π
ν
2
+
2√
ν
[
E
~ωc
− σηZ
2
]
X
lB
− 2√ν λ
lB
, (26b)
Ω(α) =
[s2 + w2 − 1] sin(α) + 2w cos(α)
s2 + w2 + 1
. (26c)
The parameter s = [ǫF,smn/(ǫF,nms)]1/2 measures the
Fermi-velocity mismatch for the junction, and w =
[2mnU
2
0 /(~
2ǫF,n)]
1/2 quantifies interface scattering. Within
the same approximation, we can write the amplitude ratio as
b
a
= N
1− sin(ϕ+,σ + ϕ−,σ)−
(
E+δλ√
∆2
0
−(E+δλ)2
s− w
)
cos(ϕ+,σ + ϕ−,σ)
s ∆0√
∆2
0
−(E+δλ)2
[sin(ϕ+,σ)− cos(ϕ−,σ)]
, (27)
where
N = Γ[1/4(1 + ν − σηZ) + E/(2~ωc)]
Γ[1/4(1 + ν + σηZ)− E/(2~ωc)] 2
E/(~ωc) .
In the following, we discuss the qualitative effects of fi-
nite Zeeman splitting and screening supercurrents separately,
based on our approximate analytic approach described above.
While this allows us to understand certain basic features ex-
hibited in the exact numerical results to be presented later, we
caution the reader that the quantitative estimates given in the
remainder of this section can be expected to apply only in lim-
iting cases that are consistent with our approximations.
A. Finite Zeeman splitting, no screening current
Here we discuss briefly the effect of the Zeeman splitting
on Andreev edge states in the absence of screening currents.
We consider the case of small excitation energies, i.e. |E −
σgµBB| ≪ ~
√
ǫF,n/(2mnX2). In this situation, we find
Eσ = ∆0
(2n+ 1)π ± arccos(Ω0)− 2X√2mnǫF,n/~− π2σηZ
q + π∆0/(~ωc)
,
(28)
where Ω0 = Ω(πν/2) and q = 2s/(s2 + w2 + 1). Equa-
tion (28) is very similar to the results obtained in the absence
of Zeeman interaction in Ref. 33. In particular, it shows that,
at low excitation energy (those that are relevant for linear
transport), the Zeeman splitting can be absorbed in a spin–
dependent shift of the guiding–center coordinateX . We there-
fore expect the Zeeman splitting to result in the usual halving
of conductance steps as a function of filling factor. As we
will see below, however, this feature manifests itself only for
very transparent interfaces, while Zeeman splitting turns out
to have a small effect on the conductance in realistic situa-
tions.
B. Effect of the screening current
It is immediately apparent from the general form of the sec-
ular equation that there are two important consequences of fi-
nite screening currents. First, a shift of quasiparticle energies
in the superconductor by δλ occurs. [See Eq. (19c).] As An-
dreev edge states have only evanescent BdG spinor wave am-
plitudes in the superconductor, their formation is now possible
only when the condition ∆0 > |E + δλ| is satisfied. Second,
the spatial position corresponding to zero guiding–center co-
ordinate of coupled electron and hole wave functions in the
2DES is shifted to x = −λ into the superconducting region
(see Fig. 1). Since the matching of BdG spinors still must be
performed at the S–N interface (x = 0), Andreev–reflection
coupling in the normal regions becomes less direct.
For a more quantitative assessment of the effect of screen-
ing currents on the Andreev–reflection conductance, we start
by discussing the ideal interface, i.e. w = 0 and s = 1. In this
case the secular equation reduces to
cot(ϕ+) =
E + δλ√
∆20 − (E + δλ)2
. (29)
For zero–energy bound states (E = 0) and in the absence of
Zeeman splitting, Eq. (29) can be transformed into the secular
equation for the system without screening current but at finite
6energy δλ and with a renormalized filling factor
ν′ = ν
(
1− π
2
mn
ms
λkF,n
ν
)2
. (30)
This correspondence implies that sharp features in the linear
conductance as a function of filling factor, which have their
origin in the sudden appearance of new bound–state levels, are
shifted to larger filling factors due to the presence of a finite
screening current. In addition, the formation of zero–energy
Andreev edge states will be suppressed below a critical filling
factor
νcr ≈
√
mn
ms
ǫF,n
∆0
λkF,n (31)
because then their quasiparticle amplitudes in the supercon-
ducting region will not be evanescent. Hence, the Andreev–
reflection contribution to the interface conductance vanishes
for ν < νcr.
In the more typical case of a nonideal S–N interface, i.e.,
one with a nonzero interface resistance, the screening current
also renormalizes the effective interface parameters s and w.
Considering again zero–energy edge states in the absence of
Zeeman splitting, we find new parameters
wλ =
2w cos(2kF,nλ)− (s2 + w2 − 1) sin(2kF,nλ)
s2 + w2 + 1− (s2 + w2 − 1) cos(2kF,nλ) − 2w sin(2kF,nλ) , (32a)
sλ =
2s
s2 + w2 + 1− (s2 + w2 − 1) cos(2kF,nλ) − 2w sin(2kF,nλ) . (32b)
III. NUMERICAL RESULTS AND DISCUSSION
We have determined the BdG spinor wave functions for
zero–energy Andreev edge states numerically and calculated
the Andreev–reflection contribution to the S–2DES interface
conductance according to Eq. (8). Here we present results
which elucidate the effects of finite Zeeman splitting and su-
perconducting screening currents.
For the sake of clarity, we start by considering finite Zee-
man splitting in the absence of screening currents and for an
ideal interface. As can be seen from the dot–dashed curve
in Fig. 2, a double–step structure emerges analogous to the
conductance of spin–resolved quantum–Hall edge channels.50
This feature is quickly suppressed, however, as the size of the
superconducting gap increases, as well as the interface barrier
becomes more opaque(w > 0). Using parameters that sim-
ulate a realistic NbN–InGaAs hybrid structure, Fig. 3 shows
that the effect of Zeeman splitting can be expected to be rather
marginal in typical samples. It results only in a suppression of
the peak conductance, while the oscillatory behavior as func-
tion of filling factor remains unaffected.
Turning to the investigation of the diamagnetic screening
current, we show numerical data for an ideal interface in
Fig. 4. As expected from our analytical results presented in
Sec. II B, we find that step features get shifted to higher fill-
ing factors as the magnetic penetration depth increases. The
magnitude of the conductance is only marginally affected.
Interestingly, an improvement of step quality is clearly ap-
parent for increasing penetration depth. As in the case with-
out screening current, step–like features disappear and are re-
placed by an oscillatory conductance as soon as the interface
is nonideal. This can be seen in Fig. 5, where the effect of
interface scattering in the presence of screening currents is
illustrated. While some of the sharp features of the step struc-
ture remain, the Andreev–reflection contribution to the con-
ductance is much suppressed by an interface barrier. It does
reach a value comparable to the ideal case (w = 0, s = 1)
only at specific values of filling factor.
Finally, the behavior of the conductance in a realistic S–
2DES hybrid structure with screening supercurrents present is
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FIG. 2: Effect of Zeeman splitting on the Andreev–reflection con-
tribution to the S–N interface conductance GAR. A double–step
structure is clearly visible for the dot-dashed curve which has been
calculated for an ideal interface (s = 1, w = 0) and g = −20,
∆0 = 0.3 meV, ǫF,s = ǫF,n = 10 meV, and ms = mn = 0.035me.
This feature turns out to be obscured at larger values of the supercon-
ducting gap (∆0 = 3 meV for all solid curves), in particular when
an interface barrier is present (nonzero values of w as indicated for
each curve).
7shown in Fig. 6. Vanishing of the conductance below a criti-
cal filling factor arises from the disappearance of zero–energy
bound states due to the Doppler shift of quasiparticles in the
superconductor which reduces the excitation gap to zero.45 As
the quasiparticles become propagating in the S–region, An-
dreev reflection at the interface is suppressed. This has impor-
tant consequences for experimental investigation of Andreev
edge states. The results shown in Fig. 6 indicate that, for a S
electrode made from a NbN film for which λ ∼ 400 nm has
been reported in the literature,55 effects due to Andreev reflec-
tion at the interface may be visible only at rather large values
of the filling factor.
IV. CONCLUSIONS
We have investigated the interplay between Andreev re-
flection and cyclotron motion at S–N interfaces. The effects
of Zeeman splitting in the normal region and diamagnetic
screening currents in the superconductor have been taken into
account. In the ideal case, Zeeman splitting results in a dou-
bling of step features in the Andreev–reflection contribution
to the interface conductance, and screening currents lead to a
shift of such features to larger filling factors. However, in real-
istic S–2DES hybrid structures, the Zeeman splitting turns out
to merely suppress peak conductance. Screening currents turn
out to be important because the Doppler shift of quasiparticles
in the S–region will suppress their energy gap to zero below
a critical filling factor, making Andreev reflection disappear
altogether. Above this critical value, the typical oscillatory
structure of the Andreev reflection contribution to the inter-
face conductance is displayed.
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FIG. 3: Effect of Zeeman splitting for a realistic S–2DEG junction
realized, e.g., by a typical NbN/InGaAs hybrid system: ǫF,s = 7 eV,
ǫF,n = 10 meV, ms = me, mn = 0.035me , ∆0 = 3 meV, w = 0,
and for various values of the gyromagnetic factor g as indicated.
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FIG. 4: Diamagnetic screening currents lead to a shift of conductance
steps. Data shown are calculated for an ideal interface (s = 1, w =
0), g = 0, ∆0 = 0.3 meV, ǫF,s = ǫF,n = 10 meV, and ms = mn =
0.035me for various values of the magnetic penetration depth λ.
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